The adsorption of mercury ions on low-rank Pakistani coal (LPC) has been studied as a function of shaking time, nature of electrolytes (HClO 4 , H 2 SO 4 and HNO 3 ), dose of adsorbent, metal ion concentration and temperature. The radio tracer technique was applied to examine the distribution of mercury (Hg 2+ ) using a batch method. Maximum adsorption was found to be at 0.0001 mol L −1 of HNO 3 solution, using 0.15 g of adsorbent for 4 mL of 4.985 × 10 −4 mol L −1 mercury concentration with equilibration time of 10 min. The adsorption of mercury was decreased with the increase in the concentrations of all the mineral acids used. The kinetic data indicated an intra particle diffusion process with sorption being pseudo-second order. The determined rate constant k 2 was 0. . The characteristic Freundlich constants i.e. 1/n = 0.160 and K = 1.052 × 10 −1 m mol g −1 whereas the Langmuir constants Q = 3.531 × 10 −2 m mol g −1 and b = 28.522 × 10 3 dm 3 mol −1 have been calculated for the adsorption system. The uptake of mercury was increased with the rise in temperature (283−333 K). Thermodynamic quantities i.e. ∆H, ∆G and ∆S have been computed and discussed for the system. Sorbent was characterized by using SEM and FT-IR before and after the adsorption of mercury. Effect of diverse ions on the adsorption of mercury has also been investigated. Removal of mercury from tap water sample shows the applicability of the proposed method.
Introduction
The presence of heavy metals in waste waters have led to water toxicity and represents an increasing threat for the human beings, living organisms and the environment [1, 2] . In addition to rock leaching due to external effects, the contaminated water is generated from different anthropogenic sources such as chemical production, power plants, pharmaceutical manufacturing, mining, painting, electroplating and metallurgy [3] [4] [5] [6] . Mercury is a non biodegradable and has been listed by the United States Environmental Protection Agency (USEPA) as a priority pollutant as it can easily pass the blood-brain barrier and effect on the brain. According to WHO permissible limit of mercury ions in drinking water is 0.001 mg L -1 . When mercury enters aqueous environment, some biological processes change it to methyl mercury, which is highly poisonous and accumulates in fish, in living organisms that eat fish, and in predators that eat fish-eating living organisms [7] . Depending on the concentration of exposure, the effects of mercury exposure can include alteration of the fertility system, minamata disease, slower growth, numbness of the limbs and lips, visual constriction, nervous system disorder and loss of speech, hearing and memory [8, 9] . Thus, the removal of this poisonous heavy metal from contaminated water is a critical issue from the health point of view.
A variety of techniques for the removal of mercury ions from effluents have been reported such as coagulation [10, 11] , cementation [12] , solvent extraction [13, 14] , ultra filtration [15, 16] , ion exchange [17, 18] , membrane separation [19, 20] , chemical precipitation [21, 22] and adsorption.
Among these treatment processes, the mercury adsorption method at the solid-liquid interface is a promising and dominant method with some advantages of high efficiency, simplicity, low cost and the availability of diverse adsorbents [23, 24] such as activated carbon [25] , silicates of aluminum and titanium [26, 27] , oxides of silicon and aluminum α-Al 2 O 3 [28, 29] , mesoporous SBA-15 [30] , carbon aerogel [31] , fly ash [32] , activated carbon [33] , clay [34] and various other adsorbents.
Beside the above mentioned adsorbents the inexpensive coal is also being used for adsorption of heavy metal ions from aqueous solutions. The selected material is abundantly available as a low cost material even after its wide consumption as a fuel in power generation plants, brick kilns and various other mills. The LPC possesses a granular structure, high surface area, highly oxygenated with many carboxyl and phenolic hydroxyl functional groups which are capable to adsorb the metal ions via ion exchange process. Due to the presence of such properties the LPC seems to be a good candidate for adsorbent of mercury ions.
The aim of the present study is to develop a rapid, efficient and cost effective procedure for the removal of mercury ions using abundantly available cheaper LPC as an adsorbent employing radio tracer technique. The low-cost Pakistani coal has also been studied as an adsorbent for the removal of strontium [35] , chromium [36] , copper [37] and lead [38] from aqueous media. In addition, no work has been reported so far concerning the adsorptive removal of mercury ions using low-rank Pakistani coal.
Materials and methods

Preparation of radio tracer
The radio tracer of mercury 203 Hg (t 1/2 = 47 d) used in this research was prepared by using the nuclear reactor at PINSTECH. A known weight of spec-pure Hg(NO 3 ) 2 . H 2 O from Johnson & Matthey(UK), was packed in polyethylene capsule, heat sealed and sent for irradiation in Pakistan Research Reactor-I (PARR-I), at a neutron flux of 4.5 × 10 13 cm -2 s -1 . After proper cooling time, the irradiated mercury salt was transferred into a pre-cleaned beaker, dissolved in minimum amount of nitric acid and diluted to a known volume with distilled and deionized water.
Reagents
LPC was collected from mines in the province of Punjab (Khoshab, Makerwal). The sample was ground and sieved to a particle size of 500 µm. The powdered coal was activated at 300°C in a muffle furnace for 4 h to enhance the basicity of adsorbent. Thermally activated sample was treated with 2 M H 2 SO 4 at room temperature for 2 h. The acidic treatment may oxidize the porous coal surface, remove the mineral constituents and improve the hydrophilicity of surface. After H 2 SO 4 treatment, the coal was washed with deionized water until the neutral pH of the filtrate. The washed sample was dried at 60°C till constant weight and stored in an air tight plastic container. The LPC sample was characterized by different techniques and standard procedures. All the chemicals used were of Analytical Grade and were used as received.
Instrumentation
The surface area of low-rank Pakistani coal sample was measured according to Brunauer-Emmett-Teller (BET) method by nitrogen adsorption at 77 K using BET surface area analyzer, Quantachrome AS1-C-8, USA. Before nitrogen adsorption, the sample was degassed for 2 h at final pressure of 133.32 × 10 -4 Pa. IR spectra were recorded on a FT-IR spectrophotometer (Tensor 27, Bruker, Germany) in the frequency range of 4000-400 cm -1 . The Scanning Electron Microscopy (SEM) images of low-rank Pakistani coal samples (coal and mercury loaded coal) were recorded at different magnifications from 250 to 40,000, using Scanning Electron Microscope (SEM), Joel, Japan.
Adsorption measurements
A known amount of LPC was added in a 4 ml of standard acid solution or buffer solution of selected pH, along with an appropriate volume of stock radio tracer solution in 25 mL culture tube with a screwed polyethylene cap. The contents were equilibrated on a mechanical shaker for 10 min. and centrifuged for 2 min at a revolution of 5000/min. The supernatant solution was separated. The radioactivities of the liquid phase were determined before and after equilibration with a NaI well type scintillation counter (Canberra Inc.) coupled with a counter scalar (Nuclear Chicago). The percentage adsorption of mercury ions from the solution was calculated using the following expression: % age adsorption 100
where A i is the initial radioactivity of mercury ions in the solution and A f is the radioactivity of mercury ions in solution after equilibrium.
The reported values of mercury ions adsorbed are the average of at least three independent measurements. All the measurements were performed at room temperature (297 ± 1 K) unless otherwise specified.
Results and discussion
Characterization of adsorbent:
The low rank Pakistani coal used for the adsorption of mercury was characterized for its various physicochemical properties such as ash contents, bulk density, BET surface area, total pore volume, average pore diameter, porosity and pH pzc by using instrumental techniques and standard procedures and the determined values were found to be 18.39%, 2.0 g mL - [39] [40] [41] [42] .
Following the adsorption of mercury, the IR spectrum of coal exhibited changes in the peak positions. The shifting of absorption peaks at 1750,1367, 597 and 581 cm −1 to 1733, 1365, 610 and 583 cm −1 , respectively and the disappearance of absorption peak at 1429 cm −1 in the spectrum of mercury loaded coal indicates the involvement of carboxylic and sulfonic acid groups during the adsorption of mercury ions on low rank Pakistani coal. Similar observations of minor shifts and decrease in the intensities of the FTIR peaks after the adsorption of metal ions on different biosorbents have been reported [43] [44] [45] .
SEM and EDX analysis
The morphology of the activated coal was evaluated using scanning electron microscopic (SEM) technique at different magnifications from 250 to 40,000, and those at 20,000 have been shown in Fig. 1 . It is clear from Fig. 1A that initially the surface of coal was rough and irregular with many loops and humps. The determined pore size present on the surface of coal was in the range of 160-701 nm, indicating the macro-porous structure of adsorbent [46] . Fig. 1B illustrates the SEM image of coal after adsorption of mercury, with changed surface morphology of the adsorbent i.e., decrease in surface heterogeneity resulting in the smoother surface. The ionic diameter of mercury ions is 0.22 nm, which is much smaller than the pore size present in coal (160-701 nm), enabling adsorption of mercury ions through pore diffusion mechanism. The EDX graph (Fig. 2) shows the presence of six energy peaks of mercury in the range of 1.50 to 10.00 keV. Thus revealing the presence of mercury ions on coal surface as a result of adsorption.
Influence of electrolytes
The chemical contact plays a significant role in the adsorption process by affecting the surface charge of sorbent, the extent of ionization and speciation of the sorbate. Therefore, the adsorption characteristics of mercury 
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show same sorption pattern. At higher acid concentration, the surface ligands were closely associated with the hydrogen ions as compare to positively charged mercury ions. As the concentration of acid decreased, more ligands such as carboxyl, sulfonyl would be exposed and carried negative charges with subsequent attraction of positively charged mercury ions and higher adsorption onto surface of LPC. Maximum removal of mercury ions at 1.0 × 10 -4 mol L -1 of acid concentration on LPC is in accordance with the concept of zero-point charge, which is 3.1. Above point of zero charge the coal surface possess negative charge which facilitates in the enhanced electrostatic attractions between positively charged mercury ions and negatively charged LPC surface. A pH value of 4.0 has been reported for the maximum adsorption of cadmium and mercury on low rank Turkish coal [47, 48] and cadmium and lead on leonardite [49] .
The adsorption of mercury ions on LPC surface could be explained via ion exchange mechanism according to the following relations.
The overall reaction could be represented as:
where [Coal-OH] = activated coal surface; M n+ = metal ions with n + charge; mH + = number of protons released. The Eq. (2) represents deprotonation of the activated coal while Eq. (3) shows the attachment of the metal ions on the coal surface. At lower pH values the H + ions compete for binding sites on the coal surface, resulting a limited interaction of Hg(II) ions with the binding sites because of higher repulsive force that arises.
It was also observed that maximum adsorption of mercury ions occurred at 0.0001 mol L -1 HNO 3 as compared to the other mineral acids; therefore, this concentration of HNO 3 was selected for all the subsequent experiments regarding the optimization of adsorption parameters for mercury ions on LPC.
Effect of LPC dose
Effect of the LPC dose on Hg(II) adsorption was studied by varying the LPC dose from 0.025 to 0.5 g using 4.0 mL of 4.985 × 10 -4 mol L -1 of mercury solution at 0.0001 mol L -1 of HNO 3 for time interval of 10 min. It is clear from Fig. 4 , which is a plot of percentage adsorption of mercury vs. LPC dose, that percentage adsorption increases with an increase in the adsorbent dose. This is because by increasing the LPC dose, the number of active sites available for LPC-mercury interaction is increased as well. Just 0.15 g of adsorbent is sufficient for the quantitative adsorption of mercury solution used beyond which percentage adsorption was almost constant. Therefore, LPC dose of 0.15 g was considered to be sufficient for the adsorption of mercury and was selected for all further investigations.
Effect of shaking time
The effect of shaking time on the removal of Hg(II) was studied by varying the time from 0.5 to 15 min using 4.0 mL of 4.985 × 10 -4 mol L -1 mercury solution in 0.0001 mol L -1 of HNO 3 using 0.15 g of LPC and the results are shown in Fig. 5 .
The observed increase in percentage adsorption with increase in contact time could probably be due to more time require for Hg(II) ions to interact with LPC up to 10 min after this no considerable increment was observed because of unavailability of active sites. Therefore, 10 min shaking time was considered for further investigations.
The mercury can be removed from the liquid medium to the surface binding sites of the LPC through different processes. The process may involve film or pore diffusion, external diffusion, surface diffusion and adsorption on the pore surface. The overall sorption may involve one or more steps. The sorption data was applied to the Morris-Weber expression [50] :
where Q t (mg g -1 ) is the sorbed concentration of mercury at time (t). K int is the intra particle diffusion rate constant of the Morris-Weber equation.
The value of K int was determined from the slope by plotting q t against t 0.5 ( Fig. 6 ) and was found to be 4.13 × 10 -1 mg/ (g min 0.5 ). Fig. 6 depicts that the adsorption of mercury ions was rapid up to 6 min and then slowed down up to 15 min, which is clear from two distinct slopes of 0.730 and 0.105 for the first 0.5-6 min and 7-15 min respectively [51] .
The nature of the adsorption either via film diffusion or intra particle diffusion mechanism was verified by using the Reichenberg [52] equation:
where " " The value of β t is a mathematical function of X that can be calculated for each value of X by using the equation:
The plot of β t vs. time is a straight line (Fig. 7) with a correlation factor of 0.9953 which indicates that the sorption is controlled by film diffusion.
In order to evaluate kinetic adsorption parameters the obtained time dependent adsorption data of mercury ions on LPC was subjected to the first order Lagergren [Eq. (8) 
where q e is the amount of mercury adsorbed at equilibrium (mg g −1 ), q t is the amount of mercury adsorbed at any time t (mg g −1 ), t is the time (min) and k 1 (min −1 ) and k 2 (g mg −1 min −1 ) are the rate constants of the pseudo-first order and second order relationships, respectively. The linear plots were obtained by plotting log (q e -q t ) against t and t/qt vs. t with correlation coefficients (R 2 ) of 0.990 and 0.992 for the pseudo-first order and second order models, respectively. The results are depicted in Fig. 8 and the determined kinetic parameters for the pseudo-first order and second order models have been summarized in Table 1 .
The pseudo second order model is commonly used to predict the adsorption process over the whole range of adsorption. The higher R 2 value and good correspondence ) values of adsorption capacity confirm that the experimental kinetic data is more favorable with the pseudo-second order rate expression.
Effect of initial mercury ion concentration
The effect of mercury concentration on the efficiency of adsorption was investigated under the optimized conditions of contact time 10 min., adsorbent dose 0. and the results are shown in Fig. 9 . The percentage adsorption decreased with an increase in the concentration of mercury. This is due to the relatively less number of active sites in a fixed amount of LPC at higher concentration of mercury.
Adsorption isotherms
It is important to study the most appropriate process for equilibrium plots, to optimize the design of an adsorption method. Fruendlich, Langmuir and Dubinin-Radushkevich (D-R) isotherm models were applied to describe the adsorption equilibrium. Experimental isotherm data were carried under optimized parameters for different concentrations of mercury.
Fruendlich isotherm
Fruendlich isotherm is the relationship between the concentration of concern metal uptake per unit mass of the adsorbent (C ad ) and the concentration of metal at equilibrium (C e ), which is mathematically shown as:
The Logrithmic form of the above expression (10) can be written as:
where 1/n and K are Fruendlich constants indicating the intensity of adsorption and adsorbent capacity respectively. These constants were determined from the slope and intercept of the Fruendlich isotherm ( Fig. 10) and were found to be 0.160 and 1.052 × 10 −1 m mol g −1 respectively. The fractional value of the adsorption affinity (1/n) is ˂ 1, which corresponds to a hetrogenous surface of the LPC [53] . The determined adsorption capacity of mercury ions on LPC (21.10 mg g -1 ) from Freundlich adsorption isotherm was compared with the reported values for different adsorbents and the results are shown in Table 2 . The determined adsorption capacity in the present study is slightly lower than those of Fe 3 O 4 -graphene sheets and metal sulfide porous carbon complex but is higher than the reported values for magnetic mesoporous silica composites, multiwalled carbon nanotubes, polyhedral oligomeric silsesquioxane, clay, amine-modified attapulgite, black oak bark, chitosan coated magnetic nanoparticles, Ag/grapheme, Nitrogen-doped mesoporous carbon and Polypyrrole/ SBA-15 nanocomposite.
Langmuir isotherm
According to the Langmuir adsorption isotherm all sites have equal affinity for the metal. 
The linear form of Langmuir adsorption isotherm may be written as Fig. 9 . Adsorption of mercury ions as a function of its own concentration on LPC. where C ad = concentration of mercury adsorbed at equilibrium (mol g −1 ); C e = equilibrium concentration of mercury in solution (mol L −1 ); Q and b are Langmuir isotherm constants. A plot of C e /C ad against C e gives a straight line (Fig. 11) .
This linear plot supports the validity of the Langmuir model in the present work. The values of Langmuir constants Q and b calculated from the slope and intercept of the plot in Fig. 11 and were found to be 3.531 × 10 −2 m mol g , respectively. The value of adsorption capacity (K f ) calculated from Freundlich isotherm is greater than Langmuir. Langmuir isotherm reflects only the mono-layer sorption of the LPC and therefore the adsorption capacity is lower than Freundlich sorption isotherm.
Dubinin-Radushkevich isotherm
The D-R isotherm was also applied in its linearized form to classify the chemical or physical adsorption.
where C ad is the amount of mercury sorbed on LPC, C m is the maximum amount of mercury that can be sorbed on LPC using the optimized experimental conditions, e is Polanyi potential and is a constant with a dimension of energy.
where R = ideal gas constant; T = absolute temperature; C e = equilibrium concentration of mercury in solution.
The linear form of D-R isotherm can be written as . By substituting the value of the mean sorption energy (E s ) was determined using Eq. (16) as:
The values of adsorption free energy (E s ) for physical sorption is in the range of 1.0-8.0 kJ mol −1 , and greater than 8.0 kJ mol −1 for chemical sorption [66] . The determined value of E s from Eq. (16) where C ads = equilibrium capacity from experimental data (mol g −1 ); C ads,m = calculated equilibrium capacity from the model (mol g −1 ). To optimize the non-linear models one has to select certain equation parameters in such a way that a minimum value of Chi-square (χ 2 ) should be attained. In the present study, the Wave metrices software IGOR Pro 6.1.2, was used for the calculation of isotherm parameters of non-linear equations [Eqs. (10) , (12) and (14)] for Freundlich, Langmuir and Dubinin-Radushkevich isotherm models, respectively. The non-linear plots of Langmuir, Freundlich and Dubinin-Radushkevich adsorption isotherms of mercury ions on coal were obtained by plotting C e vs. C ads (Fig. 13) . The determined constants and theoretically calculated values are given in Table 3 , which indicates that the determined values of adsorption capacities by the non-linear models are in quite comparable with those obtained by linear models.
Effect of temperature
The adsorption of 1.246 × 10 −3 mol L −1 of mercury ions on LPC was carried out at different temperatures (283-333 K) using optimized parameters, and the results are shown in Table 4 . It was found that the mercury ions adsorption increases with the increase in temperature.
Van't Hoff plot [67] was used to determine the values of ∆H and ∆S from the slope and intercept respectively, by using the following equation.
where ∆H, K c , R, ∆S and T are enthalpy change, equilibrium constant gas constant, change in entropy and absolute temperature for the adsorption process. The equilibrium constant (K c ) was determined by using the relationship (20):
where C eq.S = equilibrium concentration of mercury adsorbed on the LPC (mg L ). ∆G and ∆S for the specific sorption process have also been calculated using the relations:
∆S and ∆H were calculated from the intercept and slope of the Van't Hoff plot, which is a plot of lnK c against 1/T (Fig. 14) , respectively.
The calculated values of ∆S, ∆G and ∆H have been presented in Table 5 . The negative values of ∆G represent that the adsorption of mercury on LPC is a spontaneous process. The increase in the numerical value of −∆G with the rise in temperature indicates that the adsorption process of mercury ions on LPC is more favorable at higher temperatures.
The positive values of enthalpy (∆H) change represent the endothermic nature of the sorption process. Since diffusion is an endothermic process, it was studied that increased solution temperature resulted in increased sorption of mercury ions. The positive value of entropy change (∆S) indicates increase in the randomness of the system due to the adsorption of mercury ions on LPC.
Influence of diverse ions:
The presence of other cations and anions in the adsorptive phase may affect the environment and solution chemistry of the mercury ion, which influences the sorption efficiency of LPC. Therefore, using the optimized parameters, the sorption of 4.985 × 10 -4 mol L -1 mercury ions on LPC was also studied in the presence of high concentrations of foreign ions. The anions were used as their sodium salts, while for cations the nitrate salts were used. The results are summarized in Table 6 . The results show that adsorption efficiency of mercury on LPC was decreased 
Recycling process
To be useful in mercury ion recycling processes, adsorbed mercury ions should be easily desorbed under suitable conditions. Desorption experiments were carried out by using 1.0 M HNO 3 as the desorption agent. LPC adsorbed with the maximum concentration of mercury ions placed within the desorption medium, and shaken for 10 min. The desorbed mercury ions were determined by radio tracer technique. It was observed that 80% of mercury was desorbed in 10 min. This clearly shows that the LPC can be reused for the adsorption of mercury ions from aqueous solutions.
Applicability of the developed method
To check the applicability and efficiency for the removal of mercury ions from aqueous medium, the developed procedure was applied for the removal of mercury ions from a real tap water sample using the optimized conditions. Due to very low concentration of mercury in the sample it was spiked with 4.985 × 10 -4 mol L -1 of mercury ions in 1.0 × 10 -4 mol L -1 of nitric acid medium and shaked with 0.25 g of LPC for 10 min. The removal efficiency of mercury ion was found to be 95% in a single step, indicating that the developed procedure may be applied for the decontamination of mercury from such matrices. The determined composition of tap water sample is shown in Table 7 .
Conclusions
The present study revealed that the LPC has good potential for the sorption of mercury from aqueous solutions. The sorption of mercury on LPC follows the pseudo-second order rate expression with intra particle diffusion process. The mercury adsorption data followed the Langmuir, Freundlich and Dubinin-Radushkevich isotherms. The sorption of mercury was increased with the rise in temperature. The thermodynamic parameters i.e. ∆G and ∆H represent spontaneity and endothermicity of mercury ion sorption on LPC. Sorption of mercury from tap water sample indicates that the proposed method is efficient and rapid in presence of various other ions. On the basis of this study it is concluded that the abundantly available, inexpensive, LPC has great potential for the adsorption of mercury ions from polluted environmental aqueous systems. 
